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(57) The present invention relates to a positive elec- 
trode active material comprising a lithium-containing 
composite oxide containing nickel with an oxidation 
state of 2.0 to 2.5 and manganese with an oxidation 
state of 3.5 to 4.0, the oxidation state determined by the 
shifts of energy at which absorption maximum is ob- 



served in the X-ray absorption near-K-edge structures, 
and to a non-aqueous electrolyte secondary battery us- 
ing the same, the positive electrode active material be- 
ing characterized En having a high capacity, a long stor- 
age life and excellent cycle life. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a positive electrode active material, particularly to a positive electrode active 
materiaf for a non-aqueous electrolyte battery. The present invention further relates to a high -capacity and iow-cost 
non-aqueous electrolyte secondary battery having a positive electrode containing a specific positive electrode active 
material. 

[0002] In recent years, with the widespread use of cordless and portable AV appliances, personal computers and 
the tike, the need has been increasing for compact, lightweight, and high energy density batteries as power sources 
for driving those appliances. In particular, lithium secondary batteries, as having high energy, density, are expected to 
be dominant batteries in the next generation, and the potential market thereof is very large. 

[0003J In most of the lithium secondary batteries currently available on the market, LiCo0 2 having a high voltage of 
4 V is used as the positive electrode active material, but LiCoO a is costly because Co is expensive. Under such cir- 
cumstances, research has been progressing to investigate various positive electrode active materials as substitutes 
for LiCo0 2 . Among them, a lithium-containing transition metal oxide has been wholeheartedly researched: LiNi a Co b 0 2 
(a + b = 1 ) is promising, and it seems that LfMn 2 0 4 having a spinel structure has already been commercialized, 
[0004] in addition, nickel and manganese as substitute materials for expensive cobalt have also been under vigorous 
research. 

[0005] LiNi0 2 having a layered structure, for example, is expected to have a large discharge capacity, but the crystal 
structure of LiNi0 2 changes during charging/discharging, causing a great deal of deterioration thereof. In view of this, 
it is proposed to add to LiNiO a an element that can stabilize the crystal structure during charging/discharging and thus 
prevent the deterioration. As the additional element, specifically, there are exemplified cobalt, manganese, titanium 
and aluminum. 

[0006] Moreover, priorart examples which use composite oxides of Ni and Mn as the positive electrode active materiaf 
for lithium secondary batteries will be described: U.S. Patent No, 5393622, for example, proposes a method in which 
a hydroxide of Ni, a hydroxide of Mn and a hydroxide of Li are dry-mixed together and baked and, after cooling them 
down to room temperature, the mixture js again heated and baked to obtain an active material having a composition 
represented by the formula Li y Ni 1 _ x Mn x 0 2 wherein 0 ^ x ^ 0.3, 0 ^ y ^ 1 .3. 

[0007] Further, U.S. Patent No. 5370948 proposes a method in which a Li saft, a Ni salt and a Mn salt are mixed 
together into an aqueous solution, followed by drying and baking, to obtain an active material represented by the 
formula LiNi 1 . x Mn x 0 2 wherein 0.005 ^ x ^ 0.45. 

[0008] Further, U.S. Patent No. 5264201 proposes a dry synthesis method in which hydroxides or oxides of nickel 
and manganese and an excess amount of lithium hydroxide are mixed together and baked, and a synthesis method - 
in which an oxides of nickel and manganese or the like are added to a saturated aqueous solution of lithium hydroxide 
to form a slurry, which is then dried and baked under a reduced pressure, to obtain an active material represented by 
the formula Li x Ni 2 , x , y Mn y 0 2 wherein 0.8 ^ x ^ 1 .0, y g 0.2. 

[0009] Furthermore, U.S. Patent No. 5629110 proposes a dry mixing synthesis method which uses £-Nr(OH) 2 to 
obtain an active material represented by the formula LiNi 1-x Mn x 0 2 wherein 0 < x ^ 0.2, y ^ 0.2. 
[0010] Japanese Laid-Open Patent Publication No. Hei 8-1 71910 proposes a method in which manganese and nickel 
are copreclpttated by adding an alkaline solution into an aqueous solution mixture of manganese and nickel, then 
lithium hydroxide is added and the resulting mixture is baked, to obtain an active material represented by the formula 
LiNyWn^Og wherein 0.7 s x ^ 0.95. 

[0011] Further, Japanese Laid-Open Patent Publication No. Hei 9-129230 discloses a preferable particulate active 
material having a composition represented by the formula LiNy^.^ wherein M is at least one of Co, Mn, Cr, Fe, V 
and Af, 1 > x a 0.5, and shows a material with x = 0.15 as the active materiaf containing Nfand Mn. 
[0012] Further, Japanese Laid-Open Patent Publication No. Hei 10-69910 proposes an active material synthesized 
by a coprecipitation synthesis method, represented by the formula Lf y . x1 Ni 1 _ x2 M x 0 2 wherein M is Co, AJ, Mg, Fe, Mg 
or Mn, 0 < x 2 - < 0.5, 0 s x 1 < 0.2, x = x 1 + x 2l and 0.9 ^ y ^ 1 ,3. This patent publication describes that the discharge 
capacity is inherently small if M is Mn, and the essential function of the positive electrode active material for a lithium 
secondary battery intended to achieve a high capacity is dismissed if x 2 is more than 0.5. LiNi 06 Mn 0 4 0 2 is exemplified 
as a material having the highest proportion of Mn. 

[0013] It should be noted that, although U.S. Patent No. 5985237 shows a production method of LiMn0 2 having a 
layered structure, this is practically a 3 V level active material. 

[0014] All of the prior art examples disclosed in the above U.S. Patents and Japanese Laid-Open Patent Publications 
are intended to improve the electrochemical characteristics such as the cycle characteristic of LiNIO a by adding a trace 
amount of an element to LiNi0 2 , while retaining the characteristic properties of LiNi0 2 . Accordingly, in the active material 
obtained after the addition, the amount of Ni is always larger than that of Mn, and the preferable proportion is considered 
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to be Ni:Mn - 0.8:0.2. As an example of a material having a proportion with a highest amount of Mn f Ni:Mn » 0.55: 
0.45 is disclosed. 

[0015] However, in any of these prior art examples, it is difficult to obtain a composite oxide having a single-phase 
crystal structure since LiNi0 2 is separated from LiMn0 2 . This is because nicke! and manganese are oxidized in different 
5 areas during coprecipitation, and a homogenous oxide is not likefy to be formed. 

[001 S] As described above, as a substitute material for the currently commercialized LiCo0 2 having a high voltage 
of 4 V, LiNi0 2 and LiMn0 2 as high-capacity and low-cost positive electrode active materials having a layered structure 
like LiCo0 2 have been researched and developed. 

[0017] However, the discharge curve of LiNi0 2 is not flat, and the cycle life is short. In addition, the heat resistance 
10 is low, and hence the use of this material' as the substitute material for LiCo0 2 would involve a serious problem. In 

view of this, improvements have been attempted by adding various elements to LrNi0 2 , but satisfactory results have 

not been obtained yet. Further, since a voltage of only 3 V can be obtained with LiMn0 2 , LiMn 2 0 4 which does not have 

a layered structure but has a spinel structure with low-capacity is beginning to be researched. 

[0018] Namely, required has been a positive electrode active material which has a voltage of 4V, as high as LiCo0 2l 
15 exhibits a flat discharge curve, and whose capacity is higher and cost is lower than LiCoO a ; further required has been 

a high-capacity non-aqueous electrolyte secondary battery with excellent charge/discharge efficiency, which uses the 

above positive electrode active material. 

[001 9] As opposed to this, Japanese Patent Application No. 2000-227858 does not propose a tech nique for improving 
the inherent characteristics of LiNi0 2 or those of LiMn0 2 by adding a new element thereto, but proposes a positive 

20 electrode active material composed of a nickel manganese composite oxide which represents a new function by dis- 
persing a nickel compound and a manganese compound uniformly at the atomic level to form a solid solution, 
[0020] That is to say, the prior art examples propose plenty of additional elements, but not technically clarify which 
elements are specifically preferred, whereas the above application proposes the positive electrode active material 
which can represent a new function by combining nickel and manganese at about the same ratio. 

25 [0021] As described above, the composition and synthesis method for composite oxides are conventionally known. 
On the other hand, in spite of the fact that the oxidation state of transition metals such as nickel, manganese and cobalt 
in the composite oxides influences the finishing of the material, it is not described in patent publications and laid-open 
patent publications although it is discussed in related papers. 

[0022] For instance, M. M. Grush et al. report, in Chem. Mater., 12(3), 659-664, 2000, that Me En LiMn 2 _ y Me y 0 4 

30 having a spinel structure is trivaient if Me is cobalt and is bivalent if Me is nickel. 

[0023] Likewise, QimingZhong and J. R. Dahn et al. report, in J. Electrochem. Soc M 144(1), 205-213, 1997, that the 
oxidation state of LiNi x Mn 2 » x 0 4 having a spinel structure can be represented by Li +1 Ni x +2 Mn 1 . 2x 43 Mn 1 . x +4 0 4 - 2 . They 
further report that, in the charge/discharge behavior of this material, the flat part at 4.1 V corresponds to the oxidation- 
reduction of Mn 3+ and Mn 4 * the flat part at 4.7 V corresponds to the oxidation-reduction of Ni 2+ and Ni 44 . 

35 [0024] All of these composite oxides have a spinel structure and, in particular, the composite oxides containing Mn 
and Ni have a high potential of 4.7 V in the charge/discharge range. 

[0025] Regarding oxides having a layered structure such as LiCo0 2 and LtNiO a , E. Rossen and J. R. Dahn et al. 
report, in Solid State Ionics, 57(3-4), 311-18, 1992, that Mn 44 exists in Li x Mn y Ni 1 ^0 2 and that the capacity decreases 
as the amount of Mn 4 " 1 * is increased. 
40 [0026] Furthermore, B. J. Neudecker, J, B.' Bates et al. report, in J. Electrochem. Soc, 145(12), 1 998, that the XPS 
measurement revealed the existences of Mn 3+ and Mn 4 + and N( 2+ in Ll lt (Mn y Ni 1 . y ) a . x O a . However, they note that Ni a * 
exists on the surface of the particle white Ni 3+ exists inside the particle. 

[0027] In view of the above, the present inventors have developed a positive electrode active material composed of 
a lithium-containing composite oxide having a high capacity, a long storage life and excellent cycfe life by controlling 
45 the oxidation state of each element, in addition to controlling the composition of lithium-containing composite oxide 
obtained by the incorporation of nickel and manganese in solid solution according to conventional techniques, 
[0028] That is to say, the present invention is intended to provide a positive electrode active material composed of 
a lithium-containing composite oxide containing elements with a controlled oxidation state. 

so BRIEF SUMMARY OF THE INVENTION 

[0029] The present invention relates to a positive electrode active material comprising a lithium-containing composite 
oxide containing nickel with an oxidation state of 2.0 to 2.5 and manganese with an oxidation state of 3.5 to 4.0, the 
oxidation state determined by the shifts of energy at which absorption maximum is observed in the X-ray absorption 
55 near-K-edge structures. 

[0030] In the aforesaid positive electrode active material, the values of nickel and manganese determined by the 
shifts of energy at which absorption maximum is observed in the X-ray absorption near-K-edge structures are preferably 
bivalent and tetravalent respectively, before charging and when the voltage relative to lithium metal is 2.5 to 3.5 V. 
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[0031] Also, the positive electrode active material preferably has a working potential relative to lithium metal of 3.3 
to 4.6 V and a charge/discharge capacity of not less than 150 mAh per gram. 

[0032] Further, the lithium-containing composite oxide preferably has a layered structure with lattice constants at- 
tributed to hexagonal crystal system of a = 2.80 to 2.95 and c = 13,8 to 14.4. 

[0033] Furthermore, the lithium-containing composite oxide preferably contains nickel and manganese substantially 
at the same ratio. 

[0034] The lithium-containing composite oxide is preferably represented by the formula (1):Li[Mx(Ni 5 Mn 7 ) t ,,J02, 
where M is one or more of elements except for nickel and manganese, -0.1 ^x^ 0.3, 5= 0.5 ± 0.1 , y = 0,5 ± 0.1, and 
-0.1 ^ x ^ 0.5 in the case of M being cobalt 

[0035] The oxidation state of the M is preferably trivalent and the M preferably contains at least one of aluminum 
and cobalt. 

[0036] Moreover, the positive electrode active material preferably comprises a mixture of crystal particles of the 
lithium-containing composite oxide having a particle si2e of 0.1 to 2 u,m and secondary particles of the crystal particles 
having a particle size of 2 to 20 p.m, 

[0037] The present invention further provides a non-aqueous electrolyte secondary battery comprising: a negative 
electrode containing, as a negative electrode active material, a material capable of absorbing and desorbing lithium 
ions and/or metal lithium; a positive electrode containing the aforesaid positive electrode active material; and an elec- 
trolyte. 

[0038] According to the present invention, a high-capacity non-aqueous electrolyte secondary battery with excellent 
charge/discharge efficiency can be fabricated. 

[0039] While the novel features of the invention are set forth particularly in the appended claims, the invention, both 
as to organization and content, will be better understood and appreciated, along with other objects andfeatures thereof, 
from the following detailed description taken in conjunction with the drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

[0040] FIG. 1 is a diagram representing a X-ray diffraction pattern of the positive electrode active material in accord- 
ance with the present invention. 

[0041 ] FIG. 2 is a graph showing a charge/discharge curve of a coin type battery using the positive electrode active 
material. 

[0042] FIG. 3 is a graph obtained from the results of XANES measurement of the positive electrode active materials 
of the present invention which is used to estimate Mn valence, 

[0043] FIG. 4 is a graph obtained from the results of XANES measurement of the positive electrode active materials 
of the present invention which is used to estimate Ni valence, 

[0044] FJG. 5 is a graph obtained from the results of XANES measurement of the positive electrode active materials 
of the present invention which is used to estimate Co valence, 

[0045] FIG. 6 is a SEM image of the positive electrode active material of the present invention. 
[0046] FIG. 7 is a graph showing variation in lattice constants {a axis) of the positive electrode active material. 
[0047] FIG. 8 is a graph showing variation in lattice constants (c axis) of the positive electrode active material. 
[0048] FIG. 9 is a partially schematic vertical cross sectional view of a cylindrical battery produced in Examples of 
the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0049] The present inventors conducted extensive research and development on a lithium-containing composite 
oxide including nickel and manganese, and found a positive electrode active materiaf for a non-aqueous electrolyte 
secondary battery which represents an excellent function. They further found, in addition to conventional techniques 
to control the composition and the crystal structure of the lithium-containing composite oxide, controlling the oxidation 
state of nickel and manganese in a crystal gives a positive electrode active material having'more excellent function. 
[0050] First, it is based on the premise that the lithium-containing composite oxide of the present invention contains 
nickel and manganese and it is vital that the ratio thereof is 1 :1 (the same ratio), it is also of importance that these 
elements are uniformly dispersed at nano level In the lithium-containing composite oxide. 

[0051] ft is also important that the lithium -containing composite oxide has a layered structure with lattice constants 
attributed to hexagonaf crystal system of a = 2.80 to 2,95 and c = 13.8 to 14.4. 

[0052] Controlling the oxidation state of nickel and manganese in the lithium-containing composite oxide, which is 
the prime characteristic of the present invention, will now be described. As mentioned above, there are various re- 
searches on the composition, the crystal structure and the synthesis method of a lithium-containing composite oxide, 
butthere is hardly any research on the oxidation states of transition metals contained in the lithium-containing composite 
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oxide such as nickel and manganese, although It is an important factor that affects the performance of the positive 
electrode active material obtained therefrom. 

[0053] Some papers describe the oxidation state as noted earlier, but there are not seen any descriptions on the 
preferable oxidation state of each of the transition metals when the lithium-containing composite oxide including two 
5 or more of transition metals is used as the positive electrode active material for a non-aqueous electrolyte secondary 
battery. Particularly, there are no reports on controlling the oxidation states of these transition metals represents an 
excellent function. 

[0054] Accordingly, the present invention is a result of research and development which had hardly ever been done, 
and discloses the preferable oxidation state of each of the transition metals in order to represent a new function when 

10 the lithium-containing composite oxide including two or more of transition metals is used as the positive electrode active 
material and a specific technique to practically realize the oxidation state and the new function obtained therefrom. 
[0055] In addition to that, the present Inventors also found that adding different kinds of elements to the lithium- 
containing composite oxide as the base material provides various added functions. By doping aluminum, for instance, 
the heat resistance of the crystal particles Is improved, the electric potential is slightly increased, and the charge/ 

15 discharge curve becomes flat. Doping cobalt improves the polarization characteristics. Further, doping magnesium 
enhances the electronic conductivity of the crystal particles. Furthermore, by using different kinds of elements, the 
amount of the gas generated due to the reaction between the surface of the crystal particle and the electrolyte can be 
increased or decreased. 

[0056] In the following, the present invention will be described with reference to representative examples usingcobait, 
20 aluminum or magnesium as the third element, but it is to be understood that the elements other than those described 
above also exhibit a new function by using the lithium-containing composite oxide including nickel and manganese 
with a controlled oxidation state, Accordingly, those skilled in the art will easily recognize that other functions can be 
added by using various additional elements in the scope of the invention, 

25 (1 ) Composition, crystal structure and electrochemical characteristics of positive electrode active material of the present 
invention 

[0057] The positive electrode active material of the present invention has a layered structure, and the attribution of 
the powdered XRD (X-ray diffraction) peaks can be performed by hexagonal crystal system. LiCo0 2 , which is the most 
30 widely used positive electrode active material for a lithium secondary battery, has an electric capacity, relative to lithium 
metal, of 1 40 to 1 45 mAh/g at 4.3 V charge. A battery using a carbon material as the negative electrode is also designed 
so as to exhibit the same utilization rate. Accordingly, a battery, which fails to have the same or more capacity in the 
potential range, is not demanded now, thus not appealing in the market. 

[0058] As the lithium-containing composite oxide including nickel and manganese, Qiming Zhong and J. R. Dahn et 
35 ai. report an oxide having a spinel structure such as LiNi x Mn 2 _ x 0 4 in J. Electrochem. Soc, 144(1), 205-213, 1997. As 
discussed in this specification, the composite oxide containing Mn and Ni with a spinel structure has a charge/discharge 
range of 4.1 V to 4.7 V, but it is difficult to use the composite oxide having a charge/discharge range of 4!7 V because 
of its high potential. In addition, its capacity is as small as 120 mAh/g. From these reasons, the composite oxide having 
a spinel structure is not preferable as the positive electrode active material for a lithium secondary battery intended to 
40 achieve a high capacity. 

[0059] From this point of view, the lithium-containing composite oxide having the same layered structure as conven- 
tional LiCo0 2 is preferable as the positive electrode active material because it has a possibility to obtain a higher 
capacity Thus, it is based on the premise that the positive electrode active material in accordance with the present 
invention has a working potential relative to lithium metal of 3.3 to 4.6 V and a charge/discharge capacity of not less 
45 than 150 mAh per gram. Herein, FIG. 1 shows the powdered X-ray diffraction pattern of LiNi 1/2 Mn 1/2 0 2 of the present 
invention. If the Miller indices are attributed to hexagonal crystal system having a layered structure, almost all of the 
peaks can be consistently analyzed in terms of strength; therefore, it is evident that the positive electrode active material 
of the present invention has a layered structure. 

[0060] Next, the electrochemical characteristics in the case of applying the obtained positive electrode active material 
so to the coin type battery were evaluated. The coin battery was fabricated in accordance with the following procedure. 
The positive electrode active material, acetylene black as the conductive material and a polyvinyl idene fluoride resin 
(hereinafter referred to as "PVDF") as the binder were mixed in a weight ratio of 80: 10:10, to form a molded article in 
the shape of sheet. The molded article was then punched in the shape of a disc and dried at a temperature of 80*C 
for about 15 hours in vacuo, to obtain the positive electrode. On the other hand, a sheet made of lithium metal was 
55 punched in the shape of a disc to form the negative electrode. A microporous polyethylene film was used as the 
separator, and the electrolyte was prepared by dissolving 1 mol of LiPF 6 into a solvent mixture of EC (ethylene car- 
bonate) and EMC (ethyl methyl carbonate) in a volumetric ratio of 1 :3. Using these materials, a coin battery of 2016 
size (20 mm in diameter and 1 .6 mm in thickness) was fabricated by a conventional method. 
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[0061] Thus fabricated coin type battery was charged and discharged at a constant current rate of between 2.5 and 
4.6 V at the 1 0 hour rate, ft is found that the charge/discharge capacity was 1 80 mAh/g and the discharge voltage was 
at 4 V level. 

[0062] FIG. 2 shows a charge/discharge curve of the coin type battery. As apparent from FIG. 2, the degree of the 
polarization due to charging and discharging is extremely small. Unlike the positive electrode active materia! containing 
nickel and manganese with a spinel structure described in the above, this charge/discharge curve is almost flat and 
level. The discharge potential was sufficient enough to be used as 4 V level positive electrode active material for a 
non-aqueous electrolyte secondary battery. 

[0063] This charge/discharge curve cieariy differs in shape from that of LiNi0 2 with a slight inclination or that of 
LiMn0 2 with a discharge potential of 3 V level. It is also evident that it differs from that of LiCo0 2 in potential and shape 
of the charge/discharge curve. 
[0064] This proves that the obtained positive electrode active material is a new material with a working potential 
relative to lithium metal of 3.3 to 4.6 V and a charge/discharge capacity of not less than 150 mAh per gram, which is 
extremely preferable as a Jithium secondary battery intended to achieve a high capacity. 

[0065] In order to analyze the reaction mechanisms of the positive electrode active material accompanied by the 
charge/discharge reaction, changes in the crystal structures were investigated. The experiment was conducted using 
the aforementioned coin type battery. The coin type battery was charged and discharged at some intervals, and was 
then disassembled to analyze the changes in the crystal structures of the positive electrode active material using a X- 
ray diffractometer. The positive electrode taken out from the coin type battery after the disassembly process also 
contained acetylene black as the conductive materiaf and PVDF as the binder. The analysis was performed in a pol- 
yethylene bag in order to minimize the dissolution and the effect of water during the measurement. The volume change 
in the crystal lattice accompanied by charging and discharging was calculated using the lattice constant obtained from 
the X-ray diffraction. As a result, it was found that the volume decreases with the charging. The a-axis and c-axis 
decreases and increases respectively by charging, while the volume decreases. The volume of the crystal lattice was 
sharply decreased from 104 to 101 cubic angstrom (charging capacity: 180 mAh/g) in the state of discharge. 
[0066] This phenomenon is of great importance to the positive electrode active material. Currently, in a battery system 
in which a lithium secondary battery is mainly used, UCo0 2 is employed as the positive electrode active material and 
graphite as the negative electrode active material. The lattice volume of LiCo0 2 in the positive electrode Increases 
with oxidation (charging). Graphite also expands because Li ions intercalate between the layers. Therefore, both pos- 
itive and negative electrodes in. this battery system expand during charging. This expansion is disadvantageous to the 
battery; specifically, the expansion crushes the separator, causing internal short-circuit in some cases. In order to deal 
with such an expansion, there may be some cases to reduce the filling capacity right from the start. Additionally, in a 
slim battery, the battery itself expands, reducing the advantage of slimness. 

[0067] However, if an active material whose lattice volume decreases with oxidation as mentioned above can be 
used, the expansion of the negative electrode can be absorbed to some extent, which will solve the expansion problem 
of the whole batteries. Thus, as opposed to the positive electrode active material which expands due to charging like 
LiCo0 2) the positive electrode active material of the present invention whose volume stabilizes constantly or decreases 
during charging is particularly of value when it is used with the negative efectrode containing a material which expands 
during charging such as graphite. 

[0068] The specific properties of the charge/discharge behavior of the positive electrode materiai in accordance with 
the present invention are now further described, LiCo0 2) LiNi0 2 and LiMn0 2 having a layered structure have the 
electric potentials of 4 V, 3.7 V and 3 V respectively, Accordingly, when a 4 V level active material having a layered 
structure is prepared, Co and Ni are usually combined together, but an attempt is made to add a trace amount of the 
third element in order to stabilize the crystal structure while the electric potentials of the elements are retained, U.S. 
Patent No. 5264201 dfscioses an active material represented by the formula Li x Ni 2 _ x _ y M y 0 2 wherein 0,8 ^ x ^ 1 .0, y 
^ 0.2, and y < 0.5 in the case of M being Co, It also discloses that the additional element M is Co, Fe, Ti, Mn, Cr and V. 
[0069] As is apparent from this prior art example, numerous examples of the additional element M relative to Ni and 
that the added amount thereof is trace are shown. Accordingly, there is no disclosure or suggestion of the method in 
which the additional element is added while retaining the characteristics of electric potential of Ni, and the electric 
potential is controlled by the combination of the additional elements. The patent publication mentions only Co whose 
added amount is Jarge; thus, it seems that such a combination of Co and.Ni is examined just because it is conventionally 
known that Co has a high electric potential and the electric potential of Co nearly equals to that of Ni, 
[0070] Further^ Japanese Laid-Open Patent Publication No. Hei 04-267053 discloses an active materiai represented 
by the formula Li x M y N z 0 2 wherein M is Fe, Co or Ni, and N is Ti, V, Cr or Mn and describes thatthe element M realizes 
the voltage of 4 V and the element N stabilizes the structure. 

[0071] Japanese Laid-Open Patent Publication No. Hei 10-69910 proposes an active material synthesized by a 
coprecipitation synthesis method, represented by the formula Uy. x1 NI 1-xa M x 02 wherein M is Co, At, Mg, Fe, Mg or Mn, 
0 < x 2 ^ 0.5, 0 ^ x t < 0.2, x = x 1 + x 2 , and 0.9 m y ^ 1 .3. This patent publication describes that the discharge capacity 
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is inherently small if M is Mn, and the essential function of the positive electrode active material for a lithium secondary 
battery intended to achieve a high capacity is dismissed if x 2 is more than 0.5. LiNi 0 &Mn Q A P 2 js exemplified as a 
material having the highest proportion of Mn. 

[0072] Theconception of the prior art examples clearly differs from that of the present invention. The present invention 
relates to a lithium-containing composite oxide containing nickel and manganese which represents a new function by 
precisely controlling the crystal structure, the composition of nickel and manganese and their oxidation states, which 
is completely different from the conception of the above-mentioned prior art examples. 

(2) Oxidation state (valence) of nickef and manganese in fithium-containing composite oxide of the present invention 



[0073] From the view point of composition, the lithium-containing composite oxide of the present invention must 
simultaneously contain nickel and manganese. Regarding the ratio of nickel and manganese, the atomic ratio of 1:1 
is preferable. The oxidation state of each element is, however, more important than the composition. The prime effect 
of the present invention is to simultaneously control the oxidation states of nickel and manganese. The effects described 
15 below can be achieved by adjusting the nickel valence to bivalent and the manganese vaience to tetravalent when the 
positive electrode active material of the present invention is synthesized. 

[0074] Qiming Zhong and J. R. Dahn et al. report, in J. Eectrochem. Soc, 144(1), 205-213, 1997, that the oxidation 
state of an oxide having a spinel structure such as UNi x Mn 2 _ x 0 4 is represented by LMN^Mn^^Mn^^O^ 2. They 
further report that, in the charge/discharge curve of this material, the flat part at 4.1 V corresponds to the oxidation- 
20 reduction of Mn 3+ and Mn*+ and the flat part at 4.7 V corresponds to the oxidation-reduction of Ni 2+ and NI 4 * All of 
the oxides mentioned in this paper have a spinel structure, and the composite oxide containing Mn and Ni has a high 
potential of 4.7 V in the charge/discharge range, 

[0075] As described above, the present invention has a layered structure and a discharge potential of 4.6 V or less, 
and is intended to have a capacity of 150 mAh/g or more; accordingly, the present invention completely differs from 

25 the oxide having a spinel structure shown in the paper. 

[0076] Regarding the oxides having a layered structure such as LiCo0 2 and UNi0 2 , E. Rossen and J, R. Dahn et 
al. report, in Solid State ionics, 57(3-4), 31 1-18,1 992, that Mn 4 * exists in U x Mi\fl\^0 2 and that the capacity decreases 
as the amount of Mn 4 * is increased. Furthermore, B. J. Neudecker, J. B. Bates et al. report, in J. Electrochem. Soc, 
145(12) 1998, that the XPS measurement revealed the existences of Mn 3 * and Mn^, and Ni 2+ in Li x (Mn y Ni 1 . y ) 2 , x 02' 

30 However, they note that Ni 2+ exists on the surface of the particle while Ni 3 + exists inside the particle. 

[0077] As just mentioned above, those papers describe the valencies of manganese and nickel but simply discuss 
the analytical results of conventional positive electrode active materials. The former paper describes that the existence 
of Mn 4+ in materials with high capacity causes a capacity degradation, which contradicts the description of the present 
invention. The latter report describes that N|2+ exists only on the surface of the crystal particle and inside thereof exists 

35 Ni 3+ , which also differs from the positive electrode active material of the present invention in which Ni 2+ also exists 
inside the crystal particle. 

[0078] Additionally, these papers are completely silent on the effect of the present invention. They do not provide 
any future suggestions on simultaneously controlling the valencies of nickel and manganese to represent a new func- 
tion. Accordingly, thepositive electrode active material of the present invention differs from that of the prior art examples 

40 mentioned above in the technical idea, the configuration and the effect. 

[0079] Below is shown one of the analytical results of the oxidation states of nickel and manganese in the positive 
electrode active material of the present invention. Herein, LiNi 1/2 Mn l/2 0 2 and LiNi 1/3 Mn- 1/3 Co 1/3 0 2 were analyzed. For 
comparison, LiNi 1/2 Co 1/2 0 2 without Mn was also analyzed in the same way. The synthesis method for the positive 
electrode active material of the present invention will be described later in this specification. 

45 [0080] In order to measure the oxidation states of nickel and manganese in the positive electrode active material, 
X-ray Absorption Near-K-Edge Structure (XANES) was performed. The following shows the equipment and conditions 
used for the experiment, 

Experimental facility: SPring-8 
so Beam line: BL1 682 

Measured temperature: Room temperature 

Measured energy range: Near K-shell of Mn, K-sheil of Co and K-shell of Ni 
Analyzing crystal: Si (111) 
Beam size: 1 mm X 2 mm 



[0081] In order to determine the oxidation number, a calibration curve was prepared using comparative samples, 
MnO, Mn 2 0 3 and Li 2 Mn0 3 were used as standard control samples containing manganese with a valence of 2-h, 3+ 
and 4+. Likewise, NiO, LiNi0 2 and NiQ 2 were used as standard samples containing nickel with a valence of 2-t-, 3+ 
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and 4+. For reference, CoO and LiCoQ 2 were used as standard samples containing cobalt with a valence of 2+ and 
3+. in the analysis, the absorption maximum observed in the X-ray absorption near-K-edge structures of nickel, man- 
ganese and cobalt were numerically determined. 

[0082] FIGS. 3, 4 and 5 show the oxidation states of manganese, nickel and cobalt respectively. FIG. 3 shows an 
oxidation state of the positive electrode active materials containing manganese, and the vertical axis shows energy 
determined from the absorption maximum observed in the X-ray absorption near-K-edge structures of manganese. It 
is evident from FIG. 3 that the measuring points of the positive electrode active materials including bivalent, trivalent 
and tetravalent manganese form a fairly straight line. The measuring values of LiNi 1/2 Mn 1/2 0 2 and LiNi 1/3 Mn 1/3 Co 1 y30 2 
are plotted on the calibration curve, which are represented by triangular and rhombic dots (A and 0) respectively in the 
graph. This proves that the oxidation states of manganese contained in LiNi 1/2 Mn 1/2 0 2 and UNi^Mn^Co^C^ are 
in the range of 3.5 to 4.0 and that each manganese is nearly tetravalent from the chemical principles. 
[0083] FIG. 4 shows the oxidation states of nickel. Likewise, the measuring points of the positive electrode active 
materials including bivalent, trivalent and tetravalent nickel, which were obtained from the energy determined from the 
absorption maximum observed in the X-ray absorption near-K-edge structures of nickel, form a fairly straight line and 
the measuring values of LiNi iy2 lvln 1/2 O a and LiNi^Mn^Co^C^ are plotted on the calibration curve, which are repre- 
sented by triangular and rhombic dots (A and 0) respectively in the graph. Accordingly, the oxidation states of nickel 
contained in these positive electrode active materials are in the range of 2.0 to 2.5 , and it is presumed from the chemical 
principles that each nickel is nearly bivalent, For reference, the analytical result of LiNi l/2 Co 1/a 0 2 is also shown in the 
graph. In this case, it Es presumed from the graph that nickel is trivalent. 

[0084] FIG. 5 shows the oxidation states of cobalt. The oxidation state of cobalt contained in LrNi^Mn^Co^Oa is 
trivalent (0). It is also presumed that the oxidation state of cobalt contained in LiNi 1/2 Co 1/2 0 2 used for comparison is 
trivalent (O). 

[0085] From the above, LiNi 1/2 Mn 1/2 0 2 and LiNi 1/3 Mn 1/3 Co i;3 0 2 of the present invention contain nearly tetravalent 
manganese and nearly bivalent nickel; thus, the total of the oxidation numbers are also satisfied. It is to be noted that 
cobalt is trivalent. 

[0086] Next, the effect of the positive electrode active material of the present invention will be described. 

[0087] It is already shown that nickel and manganese contained in the positive electrode active material of the present 

invention are bivalent and tetravalent respectively, and this exhibits particularly two effects described below. 

[0088] The first effect of the positive electrode active material of the present invention is that the cycle life is excellent; 

especially, the cycle life under high temperatures is long. The second effect is that the storage characteristics are 

outstanding. The specific magnitudes of these effects will be described later in Examples, but the mechanisms thereof 

are presumably as follows. 

[0089] The prior art examples do not describe a positive electrode active material having a layered structure, but 
describe a positive electrode active material having a spinel structure. As described in Japanese Laid-Open Patent 
Publication No. Hei 13-202959, etc., the use of a manganese-containing composite oxide having a spinel structure 
which exhibits an electric potential of 4 V as the positive electrode active material would involve serious problems such 
as decrease in cycle life and deterioration in high temperature storage characteristics. 

[0090] To be more specific, the publication describes as follows; "the use of a lithium manganese composite oxide 
. comprising a material, which is synthesized using only manganese, as the positive electrode active material for a lithium 
ion secondary battery would involve serious problems such as poor cycle life characteristics and impairment of the 
battery performance when used or stored under high temperatures. In order to deal with such problems, there is pro- 
posed a method in which part of manganese is replaced with a metal element such as chromium, nickel or cobalt; 
thereby, it is found that the stabifity of the crystal structure is enhanced, eventually the cycle life characteristics and 
the high temperature storage characteristics are Improved". 

[0091] As described above, an additional element is added to the positive electrode active material containing man- 
ganese and with a spinel structure In order to improve the cycle life characteristics and high temperature storage 
characteristics and to strengthen the crystaf structure. 

[0092] Japanese Laid-Open Patent Publication No, 2000-77071 discloses that the deterioration of the material con- 
taining manganese is ascribed to the dissolution of manganese. This prior art example, which is intended merely to 
obtain the mixture with the use of the improved method, differs from the conception of the present invention, but is 
provided herein as reference. 

[0093] Japanese Laid-Open Patent Publication No. 2000-77071 proposes that the lithium nickel composite oxide 
having a prescribed specific surface are or D50 particle size is mixed with the manganese oxide having a spinel struc- 
ture. Thereby, the lithium nickel composite oxide catches hydrogen ions to reduce the dissolution of manganese. It is 
presumed that, for example, hydrogen ions are incorporated and instead Li ions are discharged in this reaction. 
[0094] The publication also describes that the lithium nickel composite oxide may functions somewhat as a catalytic 
poison to the reaction among lithium manganese composite oxide, electrolyte and water, in either case f both of these 
descriptions relate to a manganese-containing composite oxide having a spinel structure and there is no description 
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on a positive electrode active material having a layered structure like the present invention. Further, the conception 
that the oxidation states of manganese and nickel contained in a composite oxide are controlled to improve the battery 
performance is not disclosed or suggested. The technique to improve the degradation of the cycle life due to the 
dissolution of manganese is also not found in publications regarding the active materia! having a layered structure. 

5 [0095] The positive electrode active material having a layered structure of the present invention contains manganese 
and nickel, but the amount of dissolved manganese is considerably small. Accordingly, the reduction of the dissolution 
of manganese improves the cycle life and the storage characteristics. Manganese is usually bivalent when it is dissolved 
in an electrolyte. Trivalent manganese undergoes a heterogeneous reaction to form tetravalent manganese and biva- 
lent manganese, and the bivalent manganese is dissolved in an electrolyte. From this, the present inventors have 

10 noticed that if the oxidation state of manganese is made tetravalent, the dissolution of manganese can be reduced, 
and thus have completed the present invention. 

[0096] The analytical result by X-ray Absorption Near-K- Edge Structures (XANES) has proved that manganese con- 
tained in the positive electrode active material of the present invention is tetravalent. Accordingly, it is possible to greatly 
reduce the dissolution of manganese by adjusting the manganese valence to tetravalent even if water enters an elec- 
ts troiyte to produce a small amount of protons. 

[0097] The mechanisms on howthe dissolution of manganese harmfully affects cycle life and storage characteristics 
will now be described. It was found that when manganese ions leave the positive electrode and reach the negative 
electrode, organic matters containing manganese and lithium are deposited to form a film. When LiPF 6 was used as 
the electrolyte, phosphorus was detected from this film. As a result of the composition analysts of the film, ft was also 
20 found that about 40 lithium ions are contained per one manganese ion. This is because lithium ions, which were inter- 
calated in the negative electrode, are extracted and incorporated into the film. 

[0098] From this result, it is presumed that even if a trace amount of manganese is dissolved, approximately 40 times 
of that amount of lithium ions becomes inert, thus significant capacity degradation occurs. Further, it is easily presumed 
that the above-mentioned film prevents the movement of lithium ions accompanied by charging and discharging, which 
25 considerably degrades the discharge characteristics of the obtained battery. 

[0099] Since the velocity of dissolution of manganese ions increases under high temperatures, the improvement of 
dissolution of manganese affects the cycle life and storage characteristics under high temperatures. This is considered 
to be the cause of the degradation of the cycle life. 

[01 Q0] On the other hand, it is conceivable that only adjusting the manganese valence to tetravalent cannot ensure 
30 sufficient charge/discharge capacity, In the present invention, however, the adjustment of the nickel valence to bivalent 
allows the charging and discharging between bivalent nickel and trivalent nickel based on the movement of two elec- 
trons, therefore, sufficient charge/dishcharge capacity can be ensured. It is noted that the presence of manganese is 
inevitable in order to adjust the nickel valence to trivalent. It is conceivable that nickel and manganese exchange 
electrons with each other in the oxide having a layered structure, they turn into a stable form respectively by the electron 
35 movement from manganese to nickel. Thus, they turn into Ni 2+ and Mn** instead of Ni 3+ and Mn 3 * Since this phe- 
nomenon does not occur in Co, nickel and cobalt in LiNiCo0 2 remains in Ni 3+ and Co 3+ . Accordingly, manganese is 
inevitable in order to obtain Nt 2+ . 

[01 01] For comparison, the measurement result of LiNi 1/2 Co i/2 0 2 is shown in FIG. 4, and it has become evident that 
nickel contained therein is trivalent 

40 [0102] Summing up the above, in order to solve all the problems such as the electric potential curve and safety of 
LiNi0 2 , improvement of the low electric potential of LiMn0 2 as 3 V r dissolution of manganese ions and ensuring a high 
capacity of 150 mAh/g or more in a 4 V level, which is difficult to achieve by a spinel structure, it is vital to obtain a 
positive electrode active material containing at least both nickel and manganese whose valences are adjusted to bi- 
valent and trivalent respectively. Additionally, the valences of nickel and manganese determined in the same way as 

45 above were bivalent and trivalent respectively in the range of 2.5 to 3.5 V relative to lithium metal. 

(3) Production method of positive electrode active material of the present invention 

[01 03] Then, a typical production method of a positive electrode active material of the present invention will be spe~ 
so cifically described. However, it will be recognized that the invention is not limited to the method given hereinafter, those 
skilled in the art can use numerous other methods by adjusting the composition and structure mentioned above as 
well as the valences of nickel and manganese in the scope of the invention. 

[0104] In the positive electrode active material of the present invention, it Is regarded that a nickel atom and a man- 
ganese atom are adjacent each other and an oxygen atom and a lithium atom are in an appropriate location to the 
55 nickel and manganese atoms, thereby controlling the valences of nickel and manganese. 

[0105] With this in mind, the present inventors employed a mechanical alloying process capable of controlling the 
mixture of constituent elements at nano level in orderto synthesize a precursorforthe positive electrode active material. 
This method can change the mixing degree by using various parameters such as the number of revolutions, time and 



9 



EP 1 309 022 A2 



ball-diameter. One specific example of the equipment is PLANETARY BALL MILL PM-1 200 manufactured by SEISH1N 
ENTERPRISE CO, LTD. This equipment gives a high centrifugal force to balls in three pots with the rotation and the 
revolution of the pots on the turning tabfe by means of gears. 

[0106] For instance, an oxide containing nickei such as NiQ, an oxide containing manganese such as MnQ and 
lithium hydroxide were mixed in a predetermined ratio and fed into the pots in the ball mill. At this time, it is-ideal that 
the atomic ratio of lithium to nickel and manganese satisfies Li/transition metafs (i.e. Ni and Mn) = 1. However, each 
amount may be increased or decreased slightly depending on the baking temperature and the particle shape. For 
example, when the baking temperature is high, or when larger primary particles are necessary, a little more amount of 
lithium is added, fn this case, the amount of lithium is preferably increased or decreased by about 3 %. 
[0107] As an alternative example, there was used a wet mechanical alloying process in which water was simultane- 
ously fed with the raw materials into a ball mill with 1 /2-inch balls made of alumina. Fifteen balls were piaced in each 
pot with a volume of 400 ml; the revolution per minute was set to be 200 rpm and the ratio of revolution to rotation to 
be 1 .25. After operation of the ball mill for 24 hours, the lithium-containing oxide was synthesized. Because the pots 
were sealed under an argon atmosphere, the atmosphere therein was inert. The obtained lithium-containing composite 
oxide was filtered and dried. 

[0108] The synthesis conditions are not limited to the above, and the numbers of revolution and rotation, time and 
ball-diameter may be changed depending on the desired positive electrode active material. The performance of the 
positive electrode active material obtained under various conditions cannot be sufficiently determined oniy by X ray 
structural analysis after baking; in the present invention, in particular, it is necessary to confirm whether the valence is 
adjusted or not by using XANES or the like. 

[0109] The preferable baking conditions will be then described. It Is acceptable as long as the baking atmosphere 
is an oxidizing atmosphere. Here, baking was performed in an original atmosphere. The temperature was raised right 
lip to 1000°C and the lithium-containing composite oxide obtained by the mechanical alloying process was baked at 
that temperature for 1 0 hours. When the temperature was to be decreased after completion of baking, the mixture was 
annealed once at 7Q0°C for 5 hours and then slowly cooled. When the oxide is baked, oxygen is likely to be deficient 
at a temperature over 1000°C, In order to prevent the oxygen deficiency, annealing process at 700°C was carried out 
to recover the lost oxygen after completion of baking. At this time, blowing oxygen or the like can enhance the effect 
of annealing. 

(4) Particle shape of positive electrode active material of the present invention 

[0110] FIG. 6 shows one example of SEM (Scanning Electron Microscopy) images of the positive electrode active 
material of the present invention comprising the lithium-containing nickei manganese composite oxide obtained above. 
FIG. 6 (a) and (b) show the images obtained at a magnification of 1000 and 30000 respectively. As apparent from 
these images, the obtained various positive electrode active materials are composed of primary particies having a 
diameter of 0.1 to 2 ujn and secondary particies having a diameter of 2 to 20 u.m. 

[01 11] Incidentally, the description herein is primarily about nickel and manganese; the addition of an element such 
as cobalt to the positive electrode active material may slightly change the surface condition of the particies, but the 
effect of the present invention will not be impaired and it is preferable that the sizes of the primary and secondary 
particles are in the above-mentioned range. 

(5) Lattice constant of positive electrode active material of the present invention 

[01 12] The positive electrode active material of the present invention containing nickei and manganese was prepared 
by the production method explained in the above (3) and the crystal structure and the lattice constant were determined 
by X-ray diffraction. FIGS. 7 and 8 respectively show "a" axis and "c" axis attributed to hexagonal crystal system having 
a layered structure. Although the lattice constants slightly changed depending on the composition, their charge/dis- 
charge and cycle life characteristics were the same as those of the positive electrode active material of the present 
invention described above. 

[0113] The variations (6 values) of the lattice constants can be calculated from the results shown in FIGS. 7 and 8. 
The values are expressed in 5 value in the figures. From the results of FIGS. 7 and 8, six S value and our conventional 
data, the range of lattice constant J 'a" is preferably 2.80 to 2.95, and the range of lattice constant "c ,r is preferably 13.8 
to 14.4. 

(6) Characteristics of positive electrode active material of the present invention 

[0114] While the present inventors were researching, there were cases where the composition ratio of nickel and 
manganese was slightly changed because of various factors. These changes were verified against the characteristics 
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of the battery using the positive electrode active material having a changed composition to find that the more equal 
the ratio of nickel and manganese contained in the positive electrode active material Is, the more excellent character- 
istics the positive electrode active material exhibits. The range of the change is within 1 0%, which is within the allowable 
range. 

5 [0115] It has become apparent that the oxide containing nickel and manganese incorporated substantially at the 
same ratio represents a new function in the present invention. It can easily be expected that addition of a different kind 
of element (an additional element or a dopant) to the oxide can give an additional value. 

[01 1 6] Therefore, it is of importance that the positive electrode active material of the present invention contains two 
transition metals at the substantially same ratio; as far as most of the crystal particles comprising the above-mentioned 
10 oxide has the aforesaid crystal structure and its function is not impaired, a different kind of element other than those 
described above may be added. Particularly, since the crystal particle is granular, it is practical to make such an addi- 
tional element included In the vicinity of the surface of the crystal particle. The present invention includes any of positive 
electrode active materials having an additional function due to the additional element. 

[0117] The examples of the different- kind of element may include cobalt, aluminum, magnesium, calcium, strontium, 
15 yttrium and ytterbium. The polarization of the positive electrode active material is reduced by doping cobalt. Further, 
the electric potential of the positive electrode active material is somewhat increased and the thermal stability thereof 
is improved simultaneously by doping aluminum. In this case, when the compound containing nickel, manganese and 
lithium obtained by the mechanical alloying process mentioned above is baked, an appropriate amount of element 
source such as cobalt hydroxide or aluminum hydroxide is mixed at the same time. Thereby, cobalt and aluminum are 
20 not uniformly doped into the oxide particle Including the inside thereof, which is obtained through a eutectic reaction; 
the concentration of aluminum doped only into the vicinity of the surface of the crystal particle becomes higher. This 
can be confirmed by a characteristic X-ray diffraction analysis of the crystal particle, or the like. 
[0118] With doping, therefore, a main body of the crystal particle constituting the positive electrode active material 
can retain the effect of nickel and manganese, and the aforesaid effect can be added because only the state of the 
25 surface of the crystal particle changes, 

[0119] Even when cobalt was uniformly doped into the oxide particle, the effect of the present invention was not 
impaired and the effect of cobalt to reduce the polarization was obtained. It was confirmed that cobalt or aluminum is 
in a trivalent state in the crystal lattice. The XANES result of LiNi 1/3 Mn 1/3 Co 1 ^0 2 shown in FIGS. 3 and 4 has revealed 
that cobalt is trivalent, 

30 [0120] It is to be noted that, since the effect of nickel and manganese is decreased with increase in added amount 
of aluminum, it is effective to distribute aluminum somewhat mainly to the surface of the crystal particle. Strontium, 
yttrium and the like can also impart an effect of improving heat resistance. Further, addition of magnesium allows the 
electronic conductivity of the positive electrode active material to be one order or two of magnitude greater. In this case 
alike, magnesium hydroxide may be mixed with the compound obtained by the mechanical alloying process to be 

35 baked. Baking may also be conducted in the aforesaid manner. 

[0121] When the positive electrode active material as thus obtained is usedfora battery, the battery has an extremely 
high electronic conductivity so that It is possible to decrease an amount of a conductive agent so as to increase the 
battery capacity. It is effective that the total added amount of those different kinds of elements is 0.05 to 20 atom% of 
the total amount of the aforesaid two transition metals (nickel and manganese). With the added amounts out of this 

40 range, problems may arise: when it is less than 0.05 atom%, a sufficient effect cannot be obtained; when it is more 
than 20 atom%, the capacity decreases. 

. (7} Non-aqueous electrolyte secondary battery 

45 [0122] In the following, a description will be given of other constituent materials that can be used when fabricating 
a non-aqueous electrolyte (lithium) secondary battery using the positive electrode active material of the present inven- 
tion. 

[01 23] The electrically conductive material used in the positive electrode material mixture for the production of the 
positive electrode of the present invention is not limited to a particular material, but any electronically conductive material 

so can be used as long as the material does not cause any chemical change in the fabricated battery. Examples include: 
graphites such as natural graphite (scale graphite and the like) and artificial graphite; carbon blacks such as acetylene 
black, Ketjen black, channel black, furnace black, lamp black and thermal black; electrically conductive fibers such as 
carbon fiber and metallic fiber; metallic powders such as carbon fluoride powder, copper powder, nickel powder, alu- 
minum powder and silver powder; electrically conductive whiskers such as zinc oxide whisker and potassium titanate 

55 whisker; electrically conductive metal oxides such as titanium oxide; and electrically conductive organic materials such 
as polyphenylene derivatives. 

[0124] These materials can be used alone or in any combination thereof within the scope that does not impair the 
effect of the present invention. 
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[0125] Among them, artificial graphite, acetylene black and nickel powder are particularly preferable. The amount of 
the electrically conductive material to be added is not particularly specified, but from 1 to 50 % by weight is preferable, 
and from 1 to 30 % by weight is particularly preferable. In the case of carbon and graphite, from 2 to 15 % by weight 
is particularly preferable, 

[0126] For the binder used in the positive electrode material mixture of the present invention, a polymer having a 
decomposition temperature of 300 °C or higher is preferable. Examples include polyethylene, polypropyfene, poly- 
tetrafluoroethyfene (PTFE), poly vinyiidene fluoride (PVDF), tetrafluoroethylene-hexafluoroethylene copolymer, 
tetrafluoroethylene-hexafluoropropyfene copolymer {FEP), tetrafluoroethylene-perfluoroalkyl vinyl ether copolymer 
(PFA), vinyfidene fluorlde-hexaffuoropropylene copolymer, vinyiidene fiuoride-chiorotrifluoroethylene copolymer, eth- 
yiene-tetrafluoroethylene copolymer (ETFE resin), polychlorotrifluoroethylene(PCTFE), vinyiidene fluoride-pentafluor- 
opropylene copolymer, propylene-tetraffuoroethylene copolymer, ethylene-chlorotrifluoroethylene copolymer (ECT- 
FE), vinyiidene fluoride-hexaffuoropropyiene-tetraffuoro ethylene copolymer, and vinyiidene fluoride-perfluoromethyl 
vinyl ether-tetrafluoroethylene copolymer. These materials can be used alone or in any combination thereof within the 
scope that does not impair the effect of the present invention. 

[0127] Among them, polyvinylldene fluoride (PVDF) and polytetrafluoroethylene (PTFE) are most preferable. 
[0128] The material, which constitutes the current collector for the positive electrode is not limited to a particular 
material, but any electronically conductive material can be used as long as the material does not cause any chemical 
change in the fabricated battery. The current collector may comprise, for example, stainless steel, nickel, aluminum, 
titanium, various alloys or carbons, or a composite material such as aluminum or stainless steel with the surface thereof 
treated with carbon, nickel, titanium or silver. 

[0129] Among them, aluminum or an aluminum alloy is preferable. The surface of these materials may be treated 
with oxidization. Also, the surface of the collector may be roughened by surface treatment. As for the current collector 
shape, any shape commonly employed in the field of batteries can be used. Examples of the shape include a foil, a 
film, a sheet and a net, a punched sheet, a lath body, a porous body, a foamed body, fibers and a non-woven fabric. 
The thickness is not particularly specified, but the thickness of from 1 to 500 u.m is preferable. 
[0130] The negative electrode active material used in the present invention can comprise a compound, which can 
absorb and desorb a lithium ion, such as lithium, alloys such as lithium alloys, intermetallic compounds, carbon, organic 
compounds, inorganic compounds, metal complexes and organic polymer compounds. These materials can be used 
alone or in any combination thereof within the scope that does not impair the effect of the present invention. 
[0131] As the lithium alloys, there are exemplified Li-AI based alloys, Li-Al-Mn based alloys, Li-AI-Mg based alloys, 
Li-AJ-Sn based alloys, LI-AI-ln based alloys, Li-AI-Cd based alloys, Li-AI-Te based alloys, U-Ga based alloys, Li-Cd 
based alloys, Lr-ln based alloys, Li-Pb based alloys, Li-Bi based alloys, Li-Mg based alloys and the like. In this case, 
the lithium content is preferably 10% by weight or higher. 

[0132] As the alloy and intermetallic compounds, there are compounds of a transition metal and silicon, compounds 
of a transition metal and tin and the like. A compound of nickel and silicon is preferable, 

[0133] As the carbonaceous materials, there are coke, pyrolytlc carbon, natural graphite, artificial graphite, meso- 
carbon microbeads, graphite mesophase particles, gas phase grown carbon, vitrified carbons, carbon fiber (polyacry- 
lonttrile type, pitch type, cellulose type and gas phase grown carbon), amorphous carbon and carbons obtained by 
baking organic materials. These materials can be used alone or in any combination thereof within the scope that does 
not impair the effect of the present invention. Among them, graphite materials such as graphite mesophase particles, 
natural graphite, and artificial graphite are preferable. 

[0134] ft is to be noted that the carbonaceous material may contain, in addition to carbon, such dissimilar compounds 
as O, B, P, N, S, SiC and B^C. The content of such material is preferably from 0 to 1 0 % by weight. 
[0135] As the inorganic compounds, there are tin compounds and silicon compounds for example, and as the inor- 
ganic oxides, there are titanium oxide, tungsten oxide, molybdenum oxide, niobium oxide, vanadium oxide and iron 
oxide for example. 

[0136] As the inorganic chateogenides, there are, for example, iron sulfide, molybdenum sulfide and titanium sulfide. 
[0137] As the organic polymer compounds, there are, for example, polymer compounds such as polythiophene and 
polyacetyfene. And as the nitride, there are, for example, cobalt nitride, copper nitride, nickel nitride, iron nitride and 
manganese nitride. 

[0138] These negative electrode materials may be used in combination; for example, a combination of carbon and 
an alloy and a combination of carbon and an inorganic compound are possible. 

[0139] The average particle size of the carbon material used in the present invention is preferably from 0.1 to 60 u.m, 
and more preferably from 0.5 to 30 fim. The specific surface is preferably from 1 to 10 m 2 /g. In terms of the crystal 
structure, graphite having a hexagonal lattice spacing (d 002 ) of carbon is from 3.35 to 3.40 A and a size (LC) of the 
crystalline in the c-axis direction of 100 A or larger, is preferable. 

[01 40] In the present invention, since the positive electrode active material comprises Li, a negative electrode material 
(carbon or the like) that does not comprise Li can be used. However, it is preferable to add a small amount of Li (about 



EP 1 309 022 A2 



0.01 to 10 parts by weight per 1 00 parts by weight of the negative electrode material) into such a negative electrode 
material with no Li, because if part of Li atoms becomes inactive by reacting with the electrolyte, for example, it can 
be supplemented with the Li added in the negative electrode material, 

[01 41] To add Li into the negative electrode material as thus described, Li is impregnated into the negative electrode 
5 material by applying a heated and melted lithium metal onto the current collector to which the negative electrode 
material is pressed and adhered, or LI is electrochemical ly doped into the negative electrode material by attaching a 
lithium metal in advance into an electrode group by pressing and adhering or other means and immersing the whole 
into an electrolyte solution. 

[0142] The electrically conductive material used in the negative electrode material mixture is not limited to a particular 
10 material but, as in the case of the electrically conductive material used in the positive electrode material mixture, any 
electronically conductive material can be used as long as the material does not cause any chemical change in the 
fabricated battery. If the carbonaceous material is used for the negative electrode, the electrically conductive material 
need not necessarily be added because the carbonaceous material itself has electronic conductivity. 
[01 43] For the binder used in the negative electrode material mixture, either a thermoplastic resin or a thermosetting 
15 resin can be used, but a polymer having a decomposition temperature of 3.00 °C or higher is preferable. 

[0144] Examples for the binding agent include polyethylene, polypropylene, polytetrafluoroethylene (PTFE), polyvi- 
nyliderte fluoride (PVDF), styrene-butadiene rubber, tetrafluoroethylene-hexafluoropropylene copolymer (FEP), 
tetrafluoroethylene-perfluoroalkyl vinyl ether copolymer (PFA), vinylidene f luo ride- hexafluoropropylene copolymer, vi- 
nylidene fluoride-chlorotrifluoroethylene copolymer, ethylene-tetrafluoroethylene copolymer (ETFE resin), polychloro- 
20 trifluoroethylene (PCTFE), vinylidene flu oride-pentafluorop ropy lene copolymer, propylene-tetrafluoroethylene copoly- 
mer, ethylene-chlorotriffuoroethylene copolymer (ECTFE), vinyiidenefluoride-hexafluoropropylene-tetrafluoroethylene 
copolymer and vinylidene fluoride-perfluoromethyl vinyl ether-tetrafluo methylene copolymer. Among them, styrene- 
butadiene rubber and polyvinylidene fluoride are preferably used, and styrene-butadiene rubber is most preferably 
used, 

25 [0145] The material of the current collector for the negative electrode is not limited to a particular material, but any 
electronically conductive material can be used as long as the material does not cause any chemical change in the 
fabricated battery. As the material constituting the current collector, there are, for example, stainless steel, nickel, 
copper, titanium, carbon, a material such as copper or stainless steel with the surface treated with carbon, nickel, 
titanium or silver, or an Af-Cd alloy. Among them, copper or a copper alloy is preferable. The surface of these materials 

so may be treated with oxidization. Also, the surface of the collector may be roughened to form convex and concave by 
surface treatment. 

[0146] As for the current collector shape, a foil, a film, a sheet, a net, a punched sheet, a lath body, a porous body, 
a foamed body, or fiber molding can be used, as in the case for the above positive electrode. The thickness is not 
particularly specified, but the thickness between 1 u,m and 500 u.m is preferable. 

35 [0147] In addition to the electrically conductive material and the binder, a filler, a dispersing agent, an ion conducting 
material, a pressure reinforcing agent, and other various additives may be added in the electrode material mixture. 
Any fibrous material can be used for the filler as long as it does not cause any chemical change in the fabricated battery. 
Usually, a fiber comprising an olefin polymer fiber such as polypropylene or polyethylene, a glass fiber or a carbon 
fiber is used. The amount of the filler to be added is not particularly specified, but from 0 to 30 % by weight is preferable. 

40 [01 48] The positive electrode and negative electrode used in the present invention may each have, in addition to the 
mixture layer containing the positive electrode active material or negative electrode material, other layers such as a 
base coat layer intended, for example, to improve the adhesion between the collector and the mixture layer, the electrical 
conductivity, the cycle characteristics, and the charge/discharge efficiency, and a protective layer intended for mechan- 
ical and chemical protection of the mixture layer. The base coat layer and the protective layer may contain a binder or 

45 electrically conductive agent particles or electrically non-conductive particles. 

[0149] An insulating microporous thin film having a large ion permeability and a specified mechanical strength may 
be used as the separator. Preferably, the film has the function of closing the pores and increasing the resistance at a 
temperature of 80°C or higher. A sheet or non-woven fabric made of an olefin polymer such as polypropylene or 
polyethylene alone or in combination thereof, or made of glass fiber is used because of the resistances thereof to an 

so organic solvent and hydrophobicity. 

[0150] "It is desirable that the pore diameter of the separator be made small enough to prevent the active material, 
the binder, the conductive material and the like separated from the electrode sheet from passing through the separator; 
for example, a diameter of from 0. 1 to 1 u/n is desirable. As for the separator thickness, a thickness of from 1 0 to 300 
u.m is usually preferable. Porosity is determined in accordance with the electron or ion permeability, the material used, 

55 the film thickness and the like, and generally a porosity of from 30 to 80% is desirable. Further, when a flame retardant 
or nonflammable material such as glass or metal oxide film is used, the safety of the battery is further enhanced. 
[0151] The non-aqueous electrolyte used in the present invention comprises a solvent and a lithium salt dissolved 
in the solvent. The preferable solvent is one ester or an ester mixture. Above ail, cyclic carbonates, cyclic carboxylic 
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acid esters, non-cyclic carbonates, aliphatic carboxylic acid esters and the like are preferably exemplified. Further, 
solvent mixtures of cyclic carbonates and non-cyclic carbonates, solvent mixtures of cyclic carboxylic acid esters, and 
solvent mixtures of cyclic carboxylic acid esters and cyclic carbonates are preferably exemplified. 
[01 52] Other solvents to be used in concrete examples of the aforesaid solvents and in the present invention will be 
exemplified as follows: 

Esters, which may be used as the non-aqueous solvent include, for example, cyclic carbonates such as ethylene 
carbonate (EC), propylene carbonate (PC), butylene carbonate (BC) and vinylene carbonate (VC) J non-cyclic car- 
bonates such as dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl carbonate (EMC), and dipropyl 
carbonate (DPC), aliphatic carboxylic acid esters such as methyl formate (MF), methyl acetate (MA), methyl pro- 
pionate (MP) and ethyl propionate (MA), and cyclic carboxylic acid esters such as 7-butyro lactone (GBL), 

[0153J For cyclic carbonates, EC, PC, VC and the like are particularly preferable; for cyclic carboxylic acid esters, 
GBL and the like are particularly preferable; and for non-cyclic carbonates, DMC, DEC, EMC and the like are preferable. 
Further, aliphatic carboxylic acid esters may also be preferably used, if occasion demands. Preferably, the aliphatic 
carboxylic acid ester is contained in an amount of 30% or less, and more preferably 20% or less, of the total weight of 
the solvent 

[0154] The solvent in the electrolyte solution of the present invention may contain known aprotic organic solvents, 
in addition to the above esters in an amount of 80% or more, 

[0155] Lithium salts dissolved in these solvents include, for example, LiCI0 4 , LI8F 4l LiPF s , LiAICI 4 , LiSbF 6 , LiSCN, 
UCF3SO3, LiCF 3 C0 2} Li(CF 3 S0 2 )2 J LiAsF 6 , LiN(CF 3 S0 2 ) 2 , LiB 10 CI 10 , lithium lower aliphatic carboxy I ate, chloroborane 
lithium, lithium tetraphenyi borate, and imides such as LiN(CF 3 S0 2 )(C 2 F 5 S0 2 ) l LiN(CF 3 S0 2 ) 2 , LiN(C 2 F 5 S0 2 ) 2 and 
LiN(CF 3 S0 2 )(C 4 F 9 S0 2 ). These salts can be used in the electrolyte alone or in any combination thereof within the scope 
that does not impair the effect of the present invention. Among them, it is particularly preferable to add LiPF 6 . 
[0156] For the non-aqueous electrolyte used in the present invention, an efectrolyte containing at least ethylene 
carbonate and methyl carbonate, and containing LiPF6 as a lithium salt, is particularly preferable. An electrolyte con- 
taining GBL as the main solvent is preferred, and in this case, It is preferable to add an additive such as VC in an 
amount of several %, and to use a salt mixture of LiBF 4 and LilM(C 2 F 5 30 2 ) 2 as the lithium salt instead of LiPF 6 , 
[0157] The amount of the electrolyte used in the battery is not particularly specified, but a suitable amount should 
be used according to the amount of the positive electrode active material and negative electrode material and the size 
of the battery. The amount of the lithium salt to be dissolved in the non-aqueous solvent is not particularly specified, 
but from 0.2 to 2 mol/l is preferable, and from 0,5 to 1 ,5 mol/l is more preferable. 

[0158] In use, the electrolyte is normally impregnated or filled into the separator comprising, for example, a porous 
polymer, glass filter, or non-woven fabric. 

[01 59] To make the electrolyte nonflammable, a halogen-containing solvent such as carbon tetrachloride or chloro- 
trifluoroethylene may be contained in the electrolyte. Also, carbon dioxide gas may be added in the electrolyte to confer 
suitability for high temperature storage. 

[0160] Instead of the liquid electrolyte, a solid electrolyte as described below can also be used. The solid electrolyte 
is classified to inorganic or organic solid electrolyte, 

[0161] As the inorganic solid electrolyte, nitrides of Li, halides of Li, and oxysalt of Li are well known. Among them, 
Lt 4 Si0 4 , Li 4 Si0 4 -Lil-LiOH, xLi 3 P0 4 -(1-x)Li 4 Si0 4 , Li 2 SiS 3 , Li 3 PO ir Li 2 S-SiS 2 and phosphorus sulfide compounds are 
effectively used. 

[0162] As the organic solid electrolyte, on the other hand, there are polymer materials such as polyethylene oxide, 
polypropylene oxide, polyphosphazone, polyaziridine, polyethylene sulfide, polyvinyl alcohol, polyvinylidene fluoride, 
polyhexafluoropropylene, and the derivatives, the mixtures and the complexes thereof are effectively used. 
[0163] It is also possible to use a gel electrolyte formed by impregnating the above non-aqueous liquid electrolyte 
into the organic solid electrolyte. For the organic solid electrolyte here, polymer matrix materials such as polyethylene 
oxide, polypropylene oxide, polyphbsphazone, poiyaziridine, polyethylene sulfide, polyvinyl alcohol, polyvinylidene flu- 
oride, polyhexafluoropropylene, and the derivatives, the mixtures and the complexes thereof, are effectively used. In 
particular, a copolymer of vinylidene fluoride and hexafiuoropropylene and a mixture of polyvinylidene fluoride and 
polyethylene oxide are preferable. 

[0164] As for the shape of the battery, any type such as coin type, button type, sheet type, cylindrical type, flat type 
and rectangular type can be used. In the case of a coin or button battery, the positive electrode active material mixture 
and negative electrode active material mixture are compressed into the shape of a petfet for use. The thickness and 
diameter of the pellet should be determined according to the size of the battery. 

[0165] In the case of a sheet, cylindrical or rectangular type battery, the positive electrode active material mixture 
and negative electrode active material mixture are usually applied (for coating) onto the current collector, and dried 
and compressed for use. A well known applying method can be used such as a reverse roll method, direct roll method, 
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blade method, knife method, extrusion method, curtain method, gravure method, bar method, casting method, dip 
method, and squeeze method, Among them, the blade method, knife method, and extrusion method are preferable. 
[0166] The application is conducted preferably at a rate of from 0.1 to 100 m/min. By selecting the appropriate ap- 
plying method according to the solution properties and drying characteristics of the mixture, an applied Jayer with good 
surface condition can be obtained. The application to a current collector can be conducted on one side of the current 
collector, or on the both sides thereof at the same time. Preferably, the applied layers are formed on both sides of the 
current collector, and the applied layer on one side may be constructed from a plurality of layers including a mixture 
layer The mixture layer contains a binder and an electrically conductive material, in addition to the material responsible 
for the intercalation and releasing of a lithium ion, like the positive electrode active material or negative eiectrode 
material. In addition to the mixture layer, a layer containing no active materiai such as a protective layer, a under coating 
layer formed on the current collector, and an intermediate layer formed between the mixture layers may be provided. 
It is preferable that these active-material non-containing layers contain an electrically conductive particle, an insulating 
particle and a binder. 

[0167] The application may be performed continuously or intermittently or in such a manner as to form stripes. The 
thickness, length, and width of the applied layer is determined according to the size of the battery, but preferably, the 
thickness of the applied layer on each side, after being dried and compressed, is from 1 to 2000 um. 
[01 68} For drying or dehydration method of the pellet and sheet as the mixture, a commonly employed method can 
be used. Preferably, heated air, vacuum, infrared radiation, far infrared radiation, electron beam radiation and low 
humidity air are used alone or in any combination thereof, 

[0169] The temperature used is preferably within the range of SO to 350 °C, and more preferably 1 00 to 250 °C. The 
water content of the battery as a whole is preferably held to 2000 ppm or less, and for the positive electrode material 
mixture, negative electrode materia! mixture and electrolyte, it is preferable to hold the water content to 500 ppm or 
less in view of the cycie characteristics, 

[01 70] For the sheet pressing method, a commonly employed method can be used, but a moid pressing method and 
calender pressing method are particularly preferable. The pressure for use is not particularly specified, but from 0,2 to 
3 t/cm 2 is preferable. In the case of the calender pressing method, a press speed is preferably from 0.1 to 50 m/min. 
[0171] The pressing temperature is preferably between room temperature and 200°C. The ratio of the width of the 
positive electrode sheet to the width of the negative eiectrode sheet is preferably at 0.9 to 1 .1 , and more preferably at 
0.95 to 1 .0. The ratio of the content of the positive electrode active material to the content of the negative electrode 
materiai cannot be specified because it differs according to the kind of the compound used and the formulation of the 
mixture, but those skilled in the art can set an optimum value considering the capacity, cycie characteristics and safety. 
[0172] The wound electrode structure in the present invention need not necessarily be formed in a true cylindrical 
shape, but may be formed in the shape of an elliptic cylinder whose cross section is an ellipse or in the shape of a 
rectangular column having a prismatic shape or a rectangular face, for example. 
[0173] FIG. 9 is a partially schematic vertical cross sectional view representing a cylindrical battery. 
[0174] An electrode plate group 4, formed by spirally winding a positive electrode plate and a negative electrode 
plate a plurality of times with a separator interposed therebetween, is accommodated in a battery case 1 . A positive 
electrode lead 5 is brought out of the positive electrode plate and connected to a sealing plate 2, and a negative 
electrode lead 6 is brought out of the negative electrode piate and connected to the bottom of the battery case 1 . A 
metal or alloy having electronic conductivity and resistance to organic electrolyte can be used for the battery case and 
the lead plates. Examples include such metals as iron, nickel, titanium, chromium, molybdenum, copper, aluminum 
and the alloys thereof. Among them, a stainless steel plate or an Al-Mn alloy plate is preferable for the battery case, 
while aluminum and nickel are most preferable for the positive electrode lead and the negative electrode lead, respec- 
tively. Alternatively, various kinds of engineering plastics and metals combined with such plastics may be used for the 
battery case so as to reduce the battery weight. 

[0175] The top and bottom of the electrode plate group 4 are each provided with an insulating ring 1. In this condition, 
an electrolyte is charged, and the battery case is hermetically sealed with the sealing piate. At this time, a safety valve 
may be attached to the sealing plate. Instead of the safety valve, various other conventionally-known safety devices 
may also be used. For example, a fuse, a bimetal, a PTC device or the like can be used as an overcurrent protection 
device. Rather than attaching a safety valve, other methods, such as cutting a nick into the battery case, cracking the 
gasket or the sealing plate, or cutting off the lead plate, may be employed for protecting internal pressure rise of the 
battery case. Also, a protection circuit having an overcharge or overdischarge inhibiting function may be incorporated, 
into a charger, or such a circuit may be connected separately. 

[01 76] Alternatively, a method that cuts off the current when the battery internal pressure rises can be employed as 
an overcharge protection measure. In this case, a compound that may raise the internal pressure can be added into 
the mixture or in the electrolyte. Such compounds include carbonates such as Lf 2 C0 3 , LiHCG 3 , Na 2 C0 3 , NaHC0 3 , 
CaCQ 3 and MgC0 3 , for example. Known methods (e.g., DC or AC electric welding, laser welding, ultrasonic welding 
or the like) can be used for welding the cap, battery case, sheets, and lead plates. For the sealing agent used for 
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sealing, a conventi on aliy- known compound or mixture such as asphalt can be used. 

[0177] The present invention will now be described with reference to representative examples, but it will be recog- 
nized that the invention is not limited to the particular examples given hereinafter. 

Example 1 and Comparative Exampfes 1 to 4 

[0178] The cylindrical battery shown in FIG. 9 was produced here. 

[0179] A positive electrode plate was produced as follows: 1 0 parts by weight of carbon powder as the electrically 
conductive material and 5 parts by weight of polyvinylidene fluoride resin as the binder were mixed together with 85 
parts by weight of powder of the positive electrode active material of the present invention. The resulting mixture was 
then dispersed into dehydrated N-methylpyrrolidinone to obtain a slurry, which was then applied on the positive elec- 
trode current collector formed from an aluminum foil and, after drying and roll-pressing, the foil was cut to the specified 
size to obtain the positive electrode plate. 

[0180] A carbonaceous material and a styrene-butadiene rubber type binder were mixed in a weight ratio of 100:5, 
and the resulting mixture was applied on both surfaces of a copper f oii and, after drying and roll-pressing, the foil was 
cut to the specified size to obtain the negative electrode plate. 

[01 81 ] A microporous polyethylene film was used as the separator. An organic electrolyte was prepared by dissolving 
1 .5 moM of LiPF e into a solvent mixture. of polyethylene carbonate and ethyl methyl carbonate in a volumetric ratio of 
1:1, The fabricated cylindrical battery was 1 8 mm in diameter and 650 mm in height. 

[0182] As the positive electrode active material, Li[Li 0 ^3(Nii/2 ,v1ri i/2)o,97] 0 2 was used (Example 1). This positive elec- 
trode active materiai was analyzed by XANES to confirm that nickel is bivalent and manganese is tetravalent as men- 
tioned above. 

[0183] A cylindrical battery was fabricated using the above positive electrode active material, and then put through 
the repetition of charging and discharging, and disassembled. The positive electrode active materiai taken out from 
the battery was also analyzed by XANES to measure the valence of elements, As a result, when the voltage relative 
to lithium metaf was 2.5 to 3.5 V, the valences of nickel and manganese determined from the calibration curve obtained 
from the absorption maximum in the X-ray absorption near-K-edge structures of nickel and manganese were bivalent 
and tetravalent respectively. 

[0184] For comparison, a mixture in the same composition ratio as Example 1 was prepared using powders of lithium 
hydroxide, nickel hydroxide and manganese oxyhydroxide. AK the processes afterthe baking were the same as those 
in Example 1 . Then, a cylindrical battery was fabricated using the material as thus obtained (Comparative Example 
1). The material was analyzed by XANES to find that the valences of nickel and manganese are not bivalent and 
tetravalent respectively. 

[0185] For further comparison, a cylindrical battery was fabricated in the same way using LiC0 2 as the positive 
electrode active materiai (Comparative Example 2). Additionally, for more further comparison, a cylindrical battery was 
produced using LiNi 1/a Co 1/2 0 2 prepared by the coprecipitation synthesis method disclosed in Japanese Laid-Open 
Patent Publication No. 2002-42813 (Comparative Example 3). The positive electrode active material was baked at a 
temperature of 900 °C. Moreover, spinel lithium manganese oxide was used to fabricate the same cylindrical battery 
as above for a comparative example {Comparative Example 4). Electrolytic manganese dioxide and lithium carbonate 
were mixed in a predetermined composition ratio, and the resulting mixture was baked at 850 °C to obtain LiMn 2 0 4 . 
The battery capacity varied according to the active materials with various capacities. 

[0186] These batteries were, at first, charged at a constant current of 1 00 mA up to 4.2 V, and then were discharged 
at a constant current of 100 mA down to 2,0 V. This charge/discharge cycle was repeated several times; thereafter, 
capacity was checked when the battery capacity became stable. 

[01 87] The capacity check was conducted under the following conditions. The charge was performed at a constant 
voltage of 4.2 V and the maximum current was 1 A. The charge was stopped when the current value reached 50 mA. 
The discharge was performed at a constant current of 300 m A down to 2.5 V. The discharge capacity obtained at that 
time was referred to as the battery discharge capacity. The charge and discharge were performed in an atmosphere 
of 25 This charge/discharge cycle was carried out up to 500 cycles. Table 1 shows the capacities after 500 cycles, 
which are indicated in an index where the capacity checked before the cycle life test (Le. capacity immediately after 
the production of battery) is taken as 100 since the batteries of Example 1, Comparative Exampfes 1 and 2 have 
different capacities. Accordingly, the values show the cycle degradation ratio and the greater the value is, the more 
excellentthe cycle life is. The same test was also performed in an atmosphere of 45 °C. The results areshown inTable 1 . 
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Table 1 





wul 1 IfJUO 1 LI U 1 F 


20 °C 
cycles 


40 °C 
cycles 


Ex. 1 


L 'CLi 0 o3( fs, ii/2 Mri i/2)o.97l°2 bivalent Ni and tetravalent Mn 
confirmed 


84 


81 


Cornp, Ex. 


1 


J-i[Lio.03( Ni i/2 Mn i/2)o.97]°2 bivalent Ni and tetravalent Mn not 
confirmed 


67 


61 




2 


LiCoD 2 


70 


.62 




3 


LjNi 1/2 Co 1 ^0 2 bivaient Ni not confirmed 


70 


63 




4 


LrMn 2 0 4 


71 


50 



[0188] it is apparent from the results of Table 1 that the battery using the positive electrode active material of the 
present Invention excels in cycle life. Accordingly, the application of the positive electrode active material to a lithium 
secondary battery provides a more excellent battery than conventional batteries using LiCo0 2 . 



Example 2: Stability of the material 

[0189] When Li leaves LiNi0 2 due to charging, LiNiO a becomes extremely unstable and releases oxygen at a rela- 
tively low temperature to form NiO, This is fata! when used as the positive electrode active material of the battery 
because a thermal runaway of the battery may occur due to the generated oxygen, which leads to ignition or bursting 
of the battery, 

[0190] The disadvantage like this was able to be overcome using the oxide containing nickel and manganese at a 
ratio of 1:1 and the oxide containing nickel, manganese and cobalt at a ratio of 1:1 :1 . The heat resistance was also 
able to be improved by doping aluminum into the vicinity of the surface of the positive electrode active material. 
[0191] A cylindrical battery was produced in the same manner as Example 1 using Li[Li 0 03 (Ni 1/2 Mn 1/2 ) 0 97 ]0 2 doped 
with aluminum as the positive electrode active material, and was put through the following test, The amount of aluminum 
was 5 atom% to the total amount of nickel and manganese. The battery was overcharged to 4.8 V, and then disas- 
sembled; thereafter, the positive electrode materiai mixture was taken out from the battery. The positive electrode 
material mixture was subjected to DSC (Differential Scanning Calorimetry) measurement, FIG. 2 shows the exothermic 
peak appeared at the lowest temperature obtained from the DSC measurement. The batteries of Example 1 and Com- 
parative Example 2 were also subjected to the same measurement. 



Table 2 





Composition 


Peak of DSC measurement 


Ex. 1 


l"i[U 0 .03( Ni 1/2 ,vln 1/a)0.97] O 2 


203 


Ex. 2 


Li [ L to.03( Ni i/2 Mn i/2)o.97]°2 added with 5 atom% of aluminum 


210 


Comp, Ex, 2 


LiCoQ 2 


118 



[0192] It is apparent from Table 2 that the exothermic temperature in any of Examples increased as compared to 
that in Comparative Example. The mechanisms thereof can be considered as follows. When LiCo0 2 is used, the whole 
lattice of UCoQ 2 expands due to overcharging. This makes the crystal structure unstable and oxygen is easily released. 
When the temperature is increased in this condition, an exothermic reaction presumably due to the released oxygen 
is observed. On the other hand, in the positive electrode active material in Example 1 of the present invention, it is 
conceivable that the oxidation-reduction reaction of the organic matter (electrolyte) being present on the surface of the 
crystal particles and the oxygen release due to the lattice were suppressed. 

£0193] It is further evident that when aluminum is added, this effect enhances, specifically, the exothermic peak 
temperature is greatly increased and thermal stability of the positive electrode active material is significantly improved. 
As for the amount of aluminum to be added, a preferable result was obtained within the range of 0.05 to 20 aiom% to 
the total amount of the. transition metals. When the added amount was less than 0.05 atom%, a sufficient effect was 
not able to be obtained; when it was more than 20 atom%, the capacity decreased, ft should be noted that aluminum 
presumably has a valence of 3-k 
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Examples 3 to 5 and Comparative Examples 3 to 4: Electronic conductivity of the positive electrode active material 

[0194] Doping a different kind of element into Li[Li 0 0 3(rvJf 1/2 Mn-, /2 ) 0i g7JO 2 of the present invention can represent an 
added function; when magnesium is added, electronic conductivity is significantly improved. This makes it possible to 
decrease the amount of the electrically conductive material to be added into the positive electrode plate so as to 
increase the battery capacity that is, more active material can be added. 

[0195] In this example, 3 parts by weight of carbon powder as the electrically conductive materia! and 4 parts by 
weight of polyvinylidene fluoride resin as the binder were mixed together with 93 parts by weight of powder of the 
positive electrode active material. The electronic conductivity of the electrode plate using the resultant mixture was 
measured. The measurement was conduted as follows. The resistance value in the thickness direction of the electrode 
plate was measured and converted to an electronic conductivity per unit area. Table 3 shows the results indicated in 
an index where the electronic conductivity of the electrode plate using LI[U 0i0 3(Nl 1/2 Mn 1/2 )o.g7]02 is taken as 1°°- 
[0196] The electrode plates containing the positive electrode active material added with magnesium and different 
amounts of the electrically conductive material were also subjected to the electronic conductivity measurement. The 
positive electrode active materiaf was obtained by baking the compound containing nickel, manganese and lithium 
prepared by mechanical alloying process, to which an appropriate amount of magnesium hydroxide was added at the 
same time. The amount of magnesium to be added was 2 atom%. 

[0197] The weight ratio of the positive electrode active material powder, electrically conductive material and polyvi- 
nylidene fluoride resin was 93:3:4 (Exampie 3), 93;3:4 (Example 4), 94:2:4 (Example 5), 95:1:4 (Example 6), 95:1:4 
(Comparative Example 3) or 93:3:4 (Comparative Example 4). 



Table 3 





Composition 


Amount of electrically conductive 
materiaf to be added (wt%) 


Electronic conductivity 


Ex. 


3 


Li[Lr 0>03 (Ni 1/2 Mn 1/2 ) 0i g 7 ]O 2 bivalent 
Ni and tetravalent Mn observed 


3 


100 


4 


Li[Li 0X3 (Ni 1/2 Mn 1/a ) 0 97 lO 2 added 
with2atorn% of Mg bivalent Ni and 
tetravalent Mn observed 


1 


98 


5 


2 


100 


5 


3 


103 


Comp. Ex. 3 


LiCo0 2 


1 


84 


Comp. Ex. 4 


LiCo0 2 


3 


98 



[01 98] It is apparent from Table 3 that when magnesium is doped, the electrode plate added with 2 % by weight of 
the electrically conductive material exhibits the same electronic conductivity as the one added with 3 % by weight of 
the electrically conductive materiaf which has conventionally been used. Although it shows a similar tendency to the 
case where aluminum was added, the added amount is preferably 0.05 to 10 atom% because magnesium which is 
not doped to the positive electrode active material is detected as an impurity as the added amount is increased. 



Example 7 to 8 and Comparative Example 5: Reduction of polarization 

[0199] Doping a different kind of element into Li[Li 0 03 (Ni 1/a Mn i/2 ) 097 ]O 2 of the present invention can represent an 
added function; when cobalt is added, the polarization of the positive electrode can be reduced. This makes it possible 
to reduce the irreversible capacity of the positive electrode at a room temperature and to enhance the capacity during 
high rate discharging. 

[0200] In this example, 1 0 parts by weight of carbon powder as the electrically conductive material and 5 parts by 
weight of polyvinylidene fluoride resin as the binder were mixed together with 85 parts by weight of powder of the 
positive electrode active material. The same cylindrical battery as that of Example 1 was fabricated and the pofarization 
characteristics were evaluated, Table 4 shows the results indicated in an index where the capacity ratio of discharge 
at a 1/2 hour rate (2 C discharge) to that at a 5 hour rate (0.2 C discharge) of the electrode plate using LI[Ll aoa 
(Ni 1/2 Mn 1/2 )o.97]0 2 is taken as 1 00. 

[0201] The positive electrode active material was obtained by baking the compound containing nickel, manganese 
and lithium prepared by mechanical alloying process, to which an appropriate amount of cobalt hydroxide was added 
at the same time. The amount of cobalt to be added was 1 0 atom% (Example 7). It was found that even when cobalt 
is uniformly doped into the particles including the inside thereof, the effect of controlling the valences of nickel and 
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manganese reduction can be exhibited. The positive electrode active material used here comprises a composite oxide 
containing nickel, manganese and lithium prepared by mechanical alloying process. The composition ratio of nickel, 
manganese and cobalt was 1:1:1. The obtained compound was baked to give a positive electrode active material 
(Example 8). For comparison, the same battery was fabricated using LiCo0 2 (Comparative Example 5), 



Table 4 





Composition 


Polarization characteristics 


Ex. 


1 


Li[Li 003 (Nii /2 Mn 1/2 )o^7]02 bivalent Ni and tetravalent Mn observed 


| 100 






u [ Li o.o3( Ni i/2 Mn Wo.97]°2 added with 1 0 atom% of cobalt bivalent Ni 
and tetravalent Mn observed 


104 




8 


Li[L^.03(^ i i/3 M n 1/3 Co 1/3 ) 0 97 ]0 2 


105 


Comp. Ex. 3 


LiCo0 2 


85 



[0202] It is apparent from Table 4 that the polarization characteristics are improved when cobalt is doped. It is further 
found, from the result of Example 5, that this effect is not inhibited even when cobalt is uniformly doped into the particles 
including the inside thereof and that the effect of polarization reduction due to cobalt can be obtained. Unlike aluminum 
and magnesium, even when the amount of cobalt to be added was increased, the polarization characteristics were 
improved while the valences of nickel and manganese were controlled; the preferable amount was 0.05 to 50 atom%. 
[0203] According to the present invention, an inexpensive nickef manganese composite oxide can be used as the 
positive eiectrode active material and a high-capacity non-aqueous electrolyte secondary battery with excellent charge/ 
discharge efficiency can be provided, 

[0204] Although the present invention has been described in terms of the presently preferred embodiments, it is to 
be understood that such disclosure is not to be interpreted as limiting. Various alterations and modifications will no 
doubt become apparent to those skilled in the art to which the present invention pertains, after having read the above 
disclosure. Accordingly, it is intended that the appended claims be interpreted as covering all alterations and modifi- 
cations as fall within the true spirit and scope of the invention. 



Claims 

1. A positive electrode active material comprising a lithium-containing composite oxide containing nickel with an 
oxidation state of 2.0 to 2.5 and manganese with an oxidation state of 3.5 to 4.0, said oxidation state determined 
by fte shifts of energy at which absorption maximum is observed in the X-ray absorption near-K-edge structures. 

2. The positive electrode active material in accordance with claim 1, wherein the values of nickel and manganese 
determined by the shifts of energy at which absorption maximum is observed in the X-ray absorption near-K-edge 
structures are bivalent and tetravalent respectively, before charging and when the voltage relative to lithium metal 
is 2,5 to 3.5 V. 

3. The positive electrode active material in accordance with claim 1 or 2, having a working potential relative to lithium 
metal of 3.3 to 4.6 V and a charge/discharge capacity of not less than 150 mAh per gram. 

4. The positive electrode active materiaf in accordance with any one of claims 1 to 3, wherein said lithium-containing 
composite oxide has a layered structure with lattice constants attributed to hexagonal crystal system of a = 2.80 
to 2.95 and c = 13,8 to 14.4. 

5. The positive eiectrode active material in accordance with any one of claims 1 to 4, wherein said lithium-containing 
composite oxide contains nickel and manganese substantially at the same ratio. 

6. The positive electrode active material In accordance with any one of claims 1 to 5, wherein said lithium-containing 
composite oxide is represented by the formula (1); 

U[M x (Ni 5 Mn Y ) 1 . )C I0 2J 
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where M is one or more of elements except for nickel and manganese, -0.1 ^ x ^ 0.3, 8 = 0.5 ± 0.1, y- 0.5 
± 0.1 , and -0.1 ^ x ^ 0.5 in the case of M being cobalt. 

The positive electrode active material in accordance with claim 6, wherein the oxidation state of said M is trivalent. 

The positive electrode active material in accordance with claim 6, wherein said M contains at least one of aluminum 
and cobalt. 

The positive electrode active material In accordance with any one of claims 1 to 8, comprising a mixture of crystal 
particles of said lithium-containing composite oxide having a particle size of 0.1 to 2 u.m and secondary particles 
of said crystal particles having a particle size of 2 to 20 ^m. 

A non-aqueous electrolyte secondary battery, comprising: a negative electrode containing, as a negative electrode 
active material, a material capable of absorbing anddesorbing lithium tons and/or metal lithium; a positive electrode 
containing the positive electrode active material in accordance with any one of claims 1 to 9; and an electrolyte, 
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F I G. 3 



6558 




MnO(2+) Mn203(3+) Li2Mn03(4+) 



23 



EP 1 309 022 A2 



F I G. 4 



8351 



8350 



8349 



8348 



8347 



8345 



8345 



8344 



- NhK edge \ 




UNI02C3+) Ni02<4+) 



24 



EP 1 309 022 A2 



F I G. 5 



7726 
7725.5 
7725 



« 7724.5 



£ 7724 

01 

c 
o 

1 7723.5 



7723 
7722.5 
7722 



Co-Kedge I J 


1 


1 A 


I 

1 


• 




V i 

i — — j — 






j 

i 

! 1 


i/ 1 

• 


i 


! 

i 
i 

; 
1 






^j. r- 






• 







CoO(2+) 



LiCo02(3+) 



25 



EP 1 309 022 A2 



F I G. 6 




26 



EP 1 309 022 A2 



F I G. 7 



Hexagonal crystal 



"a" axis 



l n" number 
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Max, 
2.950 
Step 

0.0025 2.925 
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F I G. 8 



'n number 
Max. ' 
14.400 
Step 

6.005 14.350- 
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